A summary of photo-and electrochemical surface modifications applied on single-crystalline chemical vapour deposition diamond films is given. The covalently bonded formation of amine and phenyl linker molecular layers is characterized using X-ray photoelectron spectroscopy, atomic force microscopy (AFM), cyclic voltammetry and field-effect transistor characterization experiments. Amine and phenyl layers are very different with respect to formation, growth, thickness and molecular arrangement. We deduce a sub-monolayer of amine linker molecules on diamond with approximately 10% coverage of 1.5!10 15 cm K2 carbon bonds. Amine is bonded only on initially H-terminated surface areas. In the case of electrochemical deposition of phenyl layers, multilayer properties are detected with threedimensional nitrophenyl growth properties. This leads to the formation of typically 25 Å thick layers. The electrochemical bonding to boron-doped diamond works on H-terminated and oxidized surfaces. After reacting such films with heterobifunctional cross-linker molecules, thiol-modified ss-DNA markers are bonded to the organic system. Application of fluorescence and AFM on hybridized DNA films shows dense arrangements with densities up to 10 13 cm K2 . The DNA is tilted by an angle of approximately 358 with respect to the diamond surface. Shortening the bonding time of thiol-modified ss-DNA to 10 min causes a decrease in DNA density to approximately 10 12 cm K2 . Application of AFM scratching experiments shows threshold removal forces of approximately 75 and 45 nN for the DNA bonded to the phenyl and the amine linker molecules, respectively. First, DNA sensor applications using Fe(CN 6 ) 3K/4K mediator redox molecules and DNA field-effect transistor devices are introduced and discussed.
INTRODUCTION
Genomics research has elucidated many new biomarkers that have the potential to greatly improve disease diagnostics (Sander 2000; Srinivas et al. 2001; Etzioni et al. 2003) . The availability of multiple biomarkers is especially important in the diagnosis of complex diseases like cancer, for which disease heterogeneity makes tests of single markers inadequate (Brawer 2001; Wulfkuhle et al. 2003) . In addition, the use of markers associated with different stages of disease pathogenesis will facilitate early detection. However, widespread use of markers in healthcare will ultimately depend upon the development of detection techniques that will allow rapid detection of many markers with high selectivity and sensitivity. Therefore, the identification of proper transducer materials, optimization of detection techniques and sensitivities, establishment of biotechnologies for multiarray sensors' realization with dimensions below the micrometre regime and exploration of chemical stability in high-throughput systems attract increasing attention. DNA immobilization techniques have been explored for a variety of substrates like latex beads, polystyrene, carbon electrodes, gold and oxidized silicon or glass (Kremsky et al. 1987; Rasmussen et al. 1991; Millan et al. 1992; Hashimoto et al. 1994; Strother et al. 2000) . These materials do not generally possess all the desired characteristics of an ideal biosurface like flatness, homogeneity, chemical stability, reproducibility and biochemical surface modifications. In addition, future technologies will require integration of biofunctionalized surfaces with microelectronics or micromechanical tools which adds additional complexity (Bousse et al. 1983; Linford et al. 1995; Strother et al. 2000; Yang et al. 2002; Buriak 2002a,b) , as most of the microelectronic-compatible materials like silicon, SiO x and gold show degradation of the biointerfaces in electrolyte solutions (Yang et al. 2002) .
Diamond can become a promising candidate for bioelectronics as it shows good electronic (Nazare 2001; Nebel & Ristein 2003 Jackman 2003 ) and chemical properties (Angus et al. 2004; Swain 2004; Fujishima et al. 2005) . Figure 1 shows voltammograms for water electrolysis of various electrodes. The supporting electrolyte is 0.5 M H 2 SO 4 . The graphs are shifted vertically for comparison. Two polycrystalline films, B : PCD(NRL) with 5!10 19 B cm K3 and B : PCD(USU) with 5!10 20 B cm K3 (from Granger et al. 1999 Granger et al. , 2000 , are compared with a single-crystalline boron-doped diamond B : (H)SCD with 3! 10 20 B cm K3 and with an undoped diamond (H)SCD (Shin et al. 2005) . The electrochemical potential window of diamond is significantly larger and the background current within this regime is considerably lower than conventional materials. In addition, by tuning the boron-doping level, the onset of hydrogen evolution (rise of current at negative potentials) can be reduced or switched completely off by decreasing the boron-doping level from extremely high with larger than 10 20 cm K3 boron ('metallic') to 'undoped' (intrinsic diamond). There are also some other parameters affecting the electrochemical potential window like crystal orientation (Kondo et al. 2002) , structural perfection of polycrystalline diamond (Pleskov et al. 1998 ) and surface termination (Angus et al. 2004) . Their discussion in this context is, however, beyond the scope of this paper.
Surface-induced conductivity of hydrogen-terminated, undoped diamond in electrolyte solutions is another unique property which has attracted significant attention in recent years (Landstrass & Ravi 1998) . It is generated by 'transfer doping' of hydrogen-terminated diamond immersed into the electrolyte solution. The phrase 'transfer doping' indicates that the surface conductivity in diamond arises from missing valenceband electrons as such electrons 'transfer' into the electrolyte (Gi et al. 1995; Shirafuji & Sugino 1996; Maier et al. 2000) . For such transitions, the chemical potential of an electrolyte must be below the energy level of the valence-band maximum. For most semiconductors, this is not the case, as can be seen in figure 2. Even for oxidized diamond, chemical potentials are mostly deep in the bandgap of diamond. It changes drastically if the surface of the diamond, which consists of approximately 2!10 15 cm K2 carbon dangling bonds, is terminated with hydrogen. Hydrogencarbon bonds are polar covalent bonds (electronegativity of carbon and hydrogen are 2.5 and 2.1, respectively); therefore, a dense surface dipole layer is generated with slightly negative charged carbon (C K ) and slightly positive charged hydrogen (H C ). From basic electrostatics, such a dipole layer causes an electrostatic potential step DV perpendicular to the surface over a distance of the order of the C-H bond length of 1.1 Å. Simple calculations show that the energy variation over this dipole is in the range of 1.6 eV (for a detailed discussion see Sque et al. 2006) . This dipole energy shifts all energy levels of diamond for approximately 1.6 eV up with respect to the chemical potential of an electrolyte (figure 2). Conduction-band states of diamond are now above the vacuum level of the electrolyte and the scenario is called 'negative electron affinity' (see figure 2; clean diamond, where the vacuum level is approx. 0.3 eV above the conductionband minimum and H-terminated diamond, where the vacuum level is 1.3 eV below the conduction-band minimum; Maier et al. 2000; Takeuchi et al. 2005) . As all electronic states are shifted by the same dipole energy, occupied valence-band states emerge above the chemical potential m of electrolytes. Electrons from the diamond valence band (electronically occupied states) can therefore tunnel into empty electronic states of the electrolyte until thermodynamic equilibrium between the Fermi level of diamond and the electrochemical potential of the electrolyte is established. This is schematically shown in figure 3a. Fermi level and chemical potential, m, align and form a narrow valenceband bending of 20-30 Å in width, which is in effect a confined hole accumulation layer. Such alignment requires defect-free bulk and surface properties as well as a perfect H-termination.
During recent years, the growth of diamond has been optimized to such a level in combination with a perfect H-termination of the surface (for a review see Nebel et al. 2006c) . As the chemical potential of electrolytes is changing with pH, a variation of the surface conductivity can be predicted and is indeed experimentally detected. It follows closely the Nernst prediction with 55 mV/pH (figure 3b ; Nebel 2005; Nebel et al. 2006a-c) .
Diamond is known to be biocompatible (Tang et al. 1995) and has therefore a potential for in vivo electronic applications. When Takahashi et al. (2000) first introduced a photochemical chlorination/amination/ carboxylation process of the initially H-terminated diamond surface, a giant step towards biofunctionalization of diamond was taken, as the obstacle to 'chemical inertness' of diamond has finally been removed (Takahashi et al. 2000 (Takahashi et al. , 2003 . This triggered more activities so that 2 years later, Yang et al. (2002) introduced a new photochemical method to modify nanocrystalline diamond surfaces using alkenes, followed by electrochemical reduction of diazonium salts which has been successfully applied to functionalize boron-doped ultrananocrystalline diamond ) and recently, a direct amination of diamond has been introduced (Zhang et al. 2006) . Such functionalized surfaces have been further modified with DNA, enzymes and proteins, and characterized using fluorescence microscopy (FM) and impedance spectroscopy (Yang et al. 2002 (Yang et al. , 2004 Song et al. 2004) , voltammetry and gate potential shifts of ion-sensitive field-effect transistors (ISFET; Härtl et al. 2004) .
Maybe the most influential argument for diamond applications in biotechnology has been given by Yang et al. (2002) . They characterized the bonding stability of DNA to nanocrystalline diamond and other substrates in hybridization/denaturation cycles using FM investigations. The result is shown in figure 4 in comparison to Au, Si and glassy carbon. It demonstrates that DNA bonding to diamond is significantly better than to other substrates as no degradation of fluorescence intensity could be detected. The long-term bonding stability is especially important in multiarray sensor applications, which are costly to produce and, therefore, need long-term stability if applied in highthroughput systems. . Stability of DNA bonding to ultrananocrystalline diamond and other materials during 30 successive cycles of hybridization and denaturation. In each case, the substrates were amine modified and then linked to thiol-terminated DNA (from Yang et al. 2002) .
Applications of diamond sensors will ultimately depend on the commercial availability of diamond films. This has improved significantly during recent years as nano-and polycrystalline diamond films can be grown by plasma-enhanced chemical vapour deposition (CVD) heteroepitaxially on silicon and other substrates on a large area. Growth parameters are currently optimized to allow integration into established silicon technology (Carlisle & Auciello 2003; Williams et al. 2006; M. Hasegawa 2006, private communication) . Singlecrystalline diamond, grown by high-temperature, highpressure growth, is relatively cheap and commercially available owing to the increasing number of companies producing diamond. The size of these substrates is relatively small, typically 4 mm!4 mm which is, however, large enough for homoepitaxial growth of high-quality single-crystalline CVD diamond ('electronic grade quality') on such substrates.
With respect to the electronic applications, a careful selection of 'diamond' material is required. Figure 5 compares structural properties of nano-, poly-and single-crystalline diamond. Ultranano-, nano-and polycrystalline diamond layers are dominated by grain boundaries which are decorated with sp 2 and amorphous carbon (Nebel 2003a,b; Nesladek et al. 2003) . The volume fraction of sp 2 and grain boundaries depends on growth parameter and varies from layer to layer. Especially, ultrananocrystalline diamond contains a relatively high volume fraction of sp 2 of up to 5% (Carlisle & Auciello 2003) . Amorphous carbon and sp 2 generate a continuous electronic densityof-states distribution in the gap of diamond. These states will affect sensor's sensitivity and dynamic properties. Therefore, applications of polycrystalline diamond as photo-or high-energy particle detectors show signal drifts ('memory' and 'priming effects') which arise by filling up of grain-boundary states (Bergonzo et al. 2003; Bergonzo & Jackman 2004 ). In addition, such diamond films show a significant surface roughness in the range of 30-50 nm for nanocrystalline diamond and micrometre to tens of micrometres for polycrystalline layers. Commercially available polycrystalline diamond is therefore often mechanically polished to achieve smooth surfaces. However, this generates a thin, highly damaged diamond surface which deteriorates surface-related electronic applications as surface defects, approximately 0.9-1.1 eV, above the valence-band maximum pin the Fermi level (Cui et al. 1998; Kono et al. 2005) . On the other hand, single-crystalline CVD diamond has been optimized over recent years to electronic grade quality with atomically smooth surfaces (figure 5c; Takeuchi et al. 1999; Watanabe et al. 1999; Okushi 2001) . Even at room temperature, these films show strong free-excitonic emissions at 5.27 and 5.12 eV, which are fingerprints of a low defect density, typically below 10 15 cm
K3
. The bulk resistivity of undoped films at 300 K is larger than 10 15 U cm (Nebel 2003a,b) . Atomic force microscopy (AFM) characterization of such films show surface morphologies which indicate atomically flat properties with step-etch growth, where terraces run parallel to the (110) direction. After H-termination of such layers, heterojunction properties follow very well the predicted properties of defect-free diamond.
The wide-bandgap semiconductor diamond, with a bandgap of 5.47 eV at TZ300 K, can be doped p-type by boron which results in a doping level of 360 meV above the valence-band maximum (Collins et al. 1965) . Phosphorus doping has been introduced for n-type doping with the phosphorus doping level of 0.6 eV below the conduction-band minimum (Koizumi et al. 1997) . Both the levels are basically too deep for roomtemperature electronic applications, which is the typical regime of bioelectronics. One way to overcome this problem is the application of metallic doping, where in the case of boron, typically 10 20 B cm K3 or more atoms are incorporated into the diamond (Borst & Weis 1996) . This causes enough wave function overlap of holes in acceptor states of boron to realize carrier tunnelling propagate without thermal activation of holes to the valence band. Highly boron-doped diamond is therefore well established in electrochemistry. Applications of n-type diamond in electro-or biochemical sensors seem to be not too favourable, as the Fermi level (0.6 eV below the conduction band) and chemical potential of electrolytes (typically 4.5 eV below the vacuum level, see figure 2) are too different, giving rise to energy-barrier-limited electronic interactions.
This brief introduction of major properties of diamond shows that it is, indeed, an interesting transducer material for biosensor applications. In the following, we review our achievements with respect to interface properties of single-crystalline CVD diamond to organic linker molecular layers and DNA films. We describe surface functionalization using amine and phenyl layers, which are currently attracting significant attention. There are other photochemical modifications of diamond available (e.g. Takahashi et al. 2003 or Zhang et al. 2006 , which are based on direct or indirect surface amination. It is very likely that sooner or later this spectrum will become even broader. We want to focus in the following on amine-and phenyl-related modifications, as these techniques are established, used by a growing number of scientists and characterized reasonably well.
For our experiments, we used homoepitaxially grown, atomically smooth CVD diamonds, either undoped or metallically boron doped, which are free of grain boundaries, sp 2 carbon or other defects. We apply (i) photochemical attachment chemistry of alkene molecules to undoped diamond (Yang et al. 2002) and (ii) electrochemical reduction of diazonium salts to form nitrophenyl linker molecules on boron-doped CVD diamond. The bonding mechanisms, kinetics, molecular arrangements and densities will be introduced using a variety of experiments like X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), AFM, cyclic voltammetry and several electronic characterization techniques. By using a heterobifunctional crosslinker, the thiol-modified single-stranded probe DNA (ss-DNA) is bonded to the diamond. Such surfaces are exposed to fluorescence-labelled target ss-DNA to investigate hybridization by using FM. We applied AFM in electrolyte solution to gain information about geometrical properties of DNA, bonding strength, as well as the degree of surface coverage. Finally, first we introduced the results with respect to label-free electronic sensing of DNA hybridization using Fe(CN 6 ) 3K/4K redox molecules as mediator in amperometric experiments and variation of gate potential threshold shifts in DNA-FET structures.
MATERIALS AND METHODS

CVD diamond growth, surface modifications and contact deposition
High-quality undoped, single-crystalline diamond films of 200 nm thickness have been grown homoepitaxially on 3 mm!3 mm (100) oriented synthetic diamond substrates, using microwave plasma-assisted CVD. Growth parameters were: substrate temperature 8008C; microwave power 750 W; total gas pressure 25 Torr; total gas flow 400 sccm with 0.025% CH 4 in H 2 . Note, the used substrates have been grown commercially by high-pressure, high-temperature techniques and contain typically up to 10 19 cm K3 dispersed nitrogen (type Ib diamond). To achieve H-termination after growth, CH 4 is switched off and the diamond is exposed to a pure hydrogen plasma for 5 min with otherwise identical parameters. After switching off the hydrogen plasma, the diamond layer is cooled down to room temperature in H 2 atmosphere. A detailed discussion on sample growth properties can be found in Takeuchi et al. (1999) , Watanabe et al. (1999) and Okushi (2001) .
These films show strong room-temperature freeexciton emission intensities at 5.27 and 5.12 eV (figure 5c), which is an indication of low defect densities, typically below 10 15 cm K3 . Layers are highly insulating with resistivities larger than 10 15 U cm. Surfaces are smooth as characterized by AFM. A typical result is shown in figure 6 . The root mean square (r.m.s) surface roughness is below 1 Å.
Boron-doped single-crystalline diamond films have been grown homoepitaxially on synthetic (100) Ib diamond substrates with 4 mm!4 mm!0.4 mm size, using microwave plasma-assisted CVD. Growth parameters are: microwave power 1200 W, which generate a substrate temperature around 9008C; gas pressure Review. Diamond and biology C. E. Nebel et al. 443 50 Torr; gas flow 400 sccm with 0.6% CH 4 in H 2 . B 2 H 6 , as boron source, is mixed in CH 4 , where the boron/carbon atomic ratio (B/C) was 16 000 p.p.m. Typically 1 mm thick films have been grown within 7 h. H-termination has been achieved in the same way as described above. To measure bulk properties, boron-doped diamond is wetchemically oxidized by boiling in a mixture of H 2 SO 4 and HNO 3 (3 : 1) at 2308C for 60 min. Figure 7 shows a typical result of conductivity, s, which is in the range of 200 (U cm) K1 at 300 K, showing a negligible activation energy of 2 meV ('metallic properties'). It is achieved by ultra-high doping of diamond with 3!10 20 cm
K3
boron acceptors, as detected by secondary ion mass spectroscopy. The crystal quality is not deteriorated by this high boron incorporation. A series of X-ray diffraction (XRD) and Raman experiments have been applied to investigate the details of crystal quality, which will be discussed elsewhere.
To obtain patterns of H-and O-termination on diamond surfaces, we apply photolithography, using photoresist as a mask to protect H-terminated areas, while uncovered surface parts are exposed to a 13.56 MHz RF oxygen plasma. Plasma parameters are: oxygen (O 2 ) gas pressure 20 Torr; plasma power 300 W; and duration 2.5 min. Wetting angle experiments of H-terminated surfaces show angles larger than 948, indicating strong hydrophobic properties. After plasma oxidation, the wetting angle approaches 08 as the surface becomes hydrophilic.
For electronic characterization or realization of DNA field-effect transistors (DNA-FET), we deposited ohmic contacts on H-terminated diamond by thermal evaporation of 200 nm thick Au onto photoresistpatterned diamond, followed by a lift-off process. In the case of highly boron-doped diamond, Ti (100 Å)/Pt (100 Å)/Au (2000 Å) contacts have been realized using an e-beam evaporation. Figure 8 shows a DNA-FET from diamond as measured by SEM. The sensor area of size 2 mm!0.7 mm is originally H-terminated diamond which connects drain and source Au contacts. This area is surrounded by insulating diamond which has been oxidized. The H-terminated surface is chemically modified as described below to covalently bond DNA to it. For experiments in the electrolyte solution, drain and source contacts are insulated by silicon rubber. We use Pt as gate electrode (not shown) in buffer solutions.
Electrochemical experiments on boron-doped diamond are performed on typical areas of 3 mm 2 . Ohmic contacts to boron-doped diamond are evaporated outside of this area and sealed with silicon rubber.
Photochemical surface modification of undoped diamond
Undoped single-crystalline diamond surfaces are modified by photochemical reactions with 10-aminodec-1-ene molecules protected with trifluoroacetic acid group (TFAAD; Yang et al. 2002) . The molecule is shown in figure 9 as determined by molecular orbital calculations. The chemically reactive end is terminated with an olefin (CaC), while the other end is protected from reactions using a trifluoroacetic cap. Chemical . Typical geometry and arrangement of a diamond DNA-FET. The image has been generated by SEM on such a transistor where the sensor area is H-terminated and surrounded by oxidized diamond. Drain and source contacts are Au. The H-terminated area will be photochemically modified to bond ss-DNA marker molecules covalently to diamond.
attachment is accomplished by placing 4 ml of TFAAD on the diamond substrate. Then, the TFAAD is homogeneously distributed by spin coating with 4000 rounds/min in air for 20 s, which forms a 5 mm thick liquid TFAAD layer. After accomplishment of spin coating, samples are sealed into a chamber with quartz window in nitrogen atmosphere. Then, UV illumination is switched on for a given period of time. The ultraviolet light is generated in a high-pressure mercury lamp with emission at 250 nm of 10 mW cm K2 intensity.
Electrochemical surface functionalization
Electrochemically induced covalent attachment of nitrophenyl molecules, as introduced by , has been performed using an Electrochemical Analyzer 900 (CHI instruments) and a three-electrode configuration with a platinum counter electrode and an Ag/AgCl (0.01 M) reference electrode (BAS, Japan). The active area of the boron-doped diamond working electrode is approximately 0.03 cm 2 . Electrolyte solution for the reduction of 4-nitrobenzene diazonium tetrafluoroborate is 0.1 M tetrabutylammonium tetrafluoroborate (NBu 4 BF 4 ) in dehydrated acetonitrile (Wako chemicals; H 2 O: less than 50 p.p.m.). The diazonium salts reduction is performed in a N 2 -purged glove-box. Nitrophenyl-modified diamond surfaces are then sonicated with acetone and acetonitrile. XPS, AFM and voltammetric experiments have been applied to characterize the surface bonding properties and to reduce the nitrophenyl groups to aminophenyl groups. The nitrophenyl groups grafted on single-crystalline diamond substrate can be considered as covalently bonded free nitrobenzene to diamond as shown in figure 10 (molecular orbital calculations).
Heterobifunctional cross-linking and DNA attachment
To provide chemically reactive amine groups to the photochemically treated diamond samples, the trifluoroacetamide protecting group was removed by refluxing the TFAAD-modified surface in 2 : 5 MeOH/H 2 O with 7% (w/w) K 2 CO 3 . The electrochemically modified surfaces of borondoped diamond with nitrophenyl groups (-C 6 H 5 NO 2 ) are electrochemically reduced to aminophenyl (-C 6 H 5 NH 2 ) in 0.1 M KCl solution of EtOH-H 2 O to provide reactive aminophenyl groups.
To attach DNA, the amine-or the phenyl layer is then reacted with 14 nM solution of the heterobifunctional cross-linker sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate in 0.1 M trieth anolamine (TEA) buffer (pH 7) for 20 min at room temperature in a humid chamber (for details see Yang et al. (2002) ). The NHS-ester group in this molecule reacts specifically with the -NH 2 groups of the linker molecules to form amide bonds. The maleimide moiety was then reacted with 2-4 ml of thiol-modified DNA (300 mM thiol DNA in 0.1 M TEA buffer (pH 7)) by placing the DNA directly onto the surface in a humid chamber and allowed to react for given time between 10 min and 12 h at room temperature. We used the sequence S1 (Z5 0 -HS-C 6 H 12 -T 15 -GCTTATCGAGC TTTCG-3 0 ) as probe ss-DNA and the sequence F1 (Z5 0 FAM-CGAAAGCTCGATAAGC-3 0 ) as target ss-DNA, where FAM indicates the presence of a fluorescence tag of fluorescein phosphoramidite. To investigate the mismatched interactions, a four-base mismatched target ss-DNA (5 0 -FAM-CGATTGCTCC TTAAGC-3 0 ) has been used. For some fluorescence experiments, the green label (FAM) has been replaced by red fluorescence markers (Cy5). All the DNA molecules have been purchased from Glen Research (Virginia). A schematic summary of chemical modification schemes is shown in figure 11 .
Denaturation of samples has been performed in 8.3 M urea solution for 30 min at 378C, followed by rinsing in deionized water. Samples are then hybridized again for another DNA cycle.
X-ray photoelectron spectroscopy, atomic force microscopy and fluorescence microscopy
The chemical attachment is characterized by using a XPS system (Tetra Probe, Thermo VG Scientific) with a monochromatized AlKa source (1486.6 eV) at a base pressure of 10 K10 Torr. Unless otherwise noted, electrons ejected between 25 and 808 with respect to the surface normal (atomic sensitivity factors: C, 0.296; F, 1; N, 0.477; and O, 0.711) are collected. The mean free path of electrons is assumed to be 36 Å for perpendicular excitation.
Microscopic morphology and structural properties of nitrophenyl and DNA layers have been characterized by atomic force microscopy (AFM; Molecular Imaging PicoPlus). For DNA characterization, layers were immersed into SSPE buffer (300 mM NaCl, 20 mM NaH 2 PO 4 , 2 mM ethylenediaminetetraacetic acid (EDTA), 6.9 mM sodium dodecyl sulphate (SDS), titrated to pH 7.4 by 2 M NaOH). The buffer solution enables DNA to assume natural conformation and avoids effects of water meniscus around the AFM tip. Surface morphologies are investigated in oscillatingmode AFM (O-AFM), where the tip-surface interaction is controlled by adjusting the tip oscillating amplitude to a defined value (AFM set-point ratio measurements; Erts et al. 2003) . The set-point ratio is defined as r SP ZA O /A SP , where A O is the amplitude of free cantilever oscillations and A SP is the amplitude of the tip approaching the surface. Measurements are made typically with A O of 6 and 10 nm. In addition, we also used cantilever phase shift detection (phase lag of cantilever oscillation with respect to oscillation of the excitation piezo-element) to enhance the material contrast between diamond and DNA.
Molecular bonding properties (mechanical properties) of linker and DNA layers have been characterized by contact mode AFM, where we applied different loading forces to the AFM tip (C-AFM) in the range of 6-200 nN. The scan rate is 10-20 mm s K1 . For forces above a critical threshold, linker and DNA molecules are removed. The difference in height is then measured in O-AFM. Doped silicon AFM cantilevers are used in these experiments with a spring constant of 3.5 N m K1 . The cantilever resonance frequency is 75 kHz in air and 30 kHz in buffer solution.
FM has been applied using a Leica Fluorescence Imaging System DM6000B/FW4000TZ, where the fluorescence intensity is evaluated by grey-scale analysis (LEICA QWIN software). Please note that we have characterized all diamond layers before surface modifications to detect fluorescence emission arising from the bulk of diamond, like, for example, from nitrogen/carbon-vacancy complexes. Samples which showed bulk-flourescence have been excluded from our experiments. The shown fluorescence is, therefore, truly from fluorescence-labelled DNA.
DNA field-effect transistors
To realize in-plane gate DNA field-effect transistors (DNA-FET), undoped CVD diamonds with atomically smooth surfaces have been grown by microwave plasma-assisted CVD (see above) on Ib substrates. The layer thickness is typically 200 nm. After hydrogen termination of the diamond surface, a H-terminated sensor area of 2 mm!0.7 mm size has been processed by photolithography and plasma oxidation. Two Au contacts (0.7 mm!0.5 mm) evaporated to each end of the H-terminated surface serve as drain and source contacts (figure 8).
Alkene cross-linker molecules are then attached by photochemical means for 12-20 h, followed by the attachment of probe ss-DNA. The density of ss-DNA has been varied between 10 12 and 10 13 cm K2 for these experiments. Samples are then transferred into polyetheretherketone sample holders as shown in figure 12a . Please note that during the transfer, the ss-DNA layer is covered by sodium chloride buffer solution (1 M with 0.1 M phosphate (pH 7.2)). The drain/source contacts are sealed against contact with buffer solution by a silicon rubber (figure 12b), which is also used to press copper wires to the drain and source Au contacts (figure 12a). A top view of the set-up is shown in figure 12c . The PEEK top part has been designed in a way such that 1 mm of the sensor area is exposed to buffer solution. To apply well-defined gate potentials, we use a thin Pt wire of 0.2 mm diameter, which is immersed into the sodium chloride buffer. Drain-source currents are measured as a function of gate potential that has been varied between 0 and K0.6 V. The gate threshold potential of DNA-FETs has been characterized by applying several cycles, where properties of the FET with probe ss-DNA have been determined first, followed by determination of FET properties after hybridization with complementary target ss-DNA. Then, the sample has been denatured and characterized again.
RESULTS
Photochemical surface modifications of undoped single-crystalline diamond
The H-terminated samples are photochemically reacted with long-chain u-unsaturated amine, 10-aminodec-1-ene, that has been protected with the trifluoroacetamide functional group (Nebel et al. 2006d,e) . We refer to this protected amine as TFAAD. A variety of attachment experiments on H-terminated and oxidized diamond surfaces show that this process works only on H-terminated diamond. Figure 13a shows the XPS survey spectra of a clean hydrogen-terminated singlecrystalline diamond surface before and after exposed to TFAAD and 10 mW cm K2 UV illumination intensity (254 nm) for 2 h. Before XPS measurements, samples were rinsed in chloroform and methanol (each 5 min in ultrasonic). The overall spectrum shows a strong fluorine peak with a binding energy of 689 eV, an O(1s) peak at 531 eV, a N(1s) peak at 400 eV and a large C(1s) bulk peak at 284.5 eV. Please note that on clean H-terminated diamond only the C(1s) peak at 284.5 eV can be detected. After photoattachment, the C(1s) spectrum reveals two additional small peaks at 292.9 and 288.5 eV (figure 13b), which are attributed to carbon atoms in the CF 3 cap group and in the CaO group, respectively. From these experiments, we conclude that UV light of approximately 250 nm (5 eV) initiates the attachment of TFAAD to H-terminated single-crystalline diamond. The ratio of the F(1s) XPS signal (peak area) to that of the total C(1s) signal (R FC ) as a function of illumination time is shown in figure 13c . The time dependency of R FC follows approximately an exponential law, R FC ZA{1Kexp(Kt/t)}, with a characteristic time constant t of 1.7 h. Saturation of the area ratio F(1s)/C(1s) is achieved after approximately 7 h.
Angle-resolved XPS experiments shown in figure 13d are used to calculate the density of TFAAD molecules bonded to diamond in absolute units. As parameters, we used the following data: density of carbon atomsZ 1.77!10 23 atoms cm K3 ; atomic sensitivity factors of C (0.296) and F (1); and a mean free path for perpendicular illuminationZ36.7 Å. Taking into account the area ratio F(1s)/C(1s) results in approximately 2!10 15 cm K2 TFAAD molecules bonded after 7 h. This corresponds to the formation of a monolayer TFAAD as the surface density of carbon bonds on diamond is Figure 12 . DNA-FET sample holder arrangement. (a) The diamond sensor is mounted on a PEEK plate. The drain and source pads are contacted using Cu wire. A second PEEK part (b) with silicon rubber is mounted on top of part (a) and closed to seal the drain-source pads from electrolyte buffer (c). A Pt wire is used as gate electrode and the exposed sensor area is 0.7!1 mm.
1.5!10 15 cm K2 . However, the TFAAD layer itself consists of 12 carbon atoms which contribute to the signal, so that the real coverage is smaller than this number. Nichols et al. (2005) calculated from XPS experiments a layer density of approximately 2!10 14 TFAAD molecules cm K2 , by taking into account both, the bulk and the attached molecules. This is supported by our experiments on single-crystalline diamond in SSPE buffer solution (300 mM NaCl, 20 mM NaH2PO4, 2 mM EDTA, 6.9 mM SDS, titrated to pH 7.4 by 2 M NaOH) before (100% H-termination) and after TFAAD attachment. A typical result is shown in figure 14 . A perfectly H-terminated diamond gives rise to a drain-source current of approximately 7.5 mA at U G ZK0.6 V. After photoattachment of TFAAD molecules for 20 h, the drain-source current decreased to 3 mA, which is 40% of the initial drain-source conductivity. In the case of 100% H-removal by photoattachment, the drain-source conductivity would completely disappear. We therefore assume that the highest packing density of TFAAD molecules on diamond is, indeed, in the range of approximately 10% or similar to 2!10 14 cm K2 . Quantum efficiency calculations of the bonding process show that only one electron out of 1600 gives rise to TFAAD bonding (Nebel et al. 2006d,e) .
Angle-resolved XPS experiments also give some insight into the geometrical properties of TFAAD molecules on diamond . Electrons ejected by fluorine and carbon in a random film have nearly equal trajectories through the film, so that F(1s) photoelectrons form CF 3 cap groups and C(1s) photoelectrons will undergo similar amounts of inelastic scattering within the film. However, in the case of an oriented film with CF 3 groups at the top, one expects that the C(1s) intensity will be scattered more effectively and the F(1s)/C(1s) ratio observed by XPS will increase. Figure 13d shows the results as a function of angle with respect to the surface normal. As the angle is increased from 48 to 788, the measured F/C intensity ratio increases. It demonstrates that the photochemical modification of H-terminated single-crystalline diamond produces oriented molecular layers of TFAAD with the protected amine group at the exposed surface, where it is accessible to further reactions. This is in good agreement with data reported in the literature for nanocrystalline diamond Nichols et al. 2005) . Please note that for angles smaller than 458, the ratio is nearly constant. We attribute this to the fact that below 458, the variation in effective scattering thickness is weakly changing, whereas above 458, the scattering thickness rises strongly (approx. 1/cos(a)). Detailed in situ characterization of the attachment process indicates that electron emission by sub-bandgap light triggers the covalent bonding of TFAAD molecules to diamond Nebel et al. 2006d,e) . In this process, valence-band electrons are optically excited into empty hydrogen-induced states, slightly above the vacuum level as shown schematically in figure 15 (Sque et al. 2006) . From there, they can reach unoccupied p Ã states of TFAAD molecules, generating a nucleophilic situation in the CaC bonding structure. Unfortunately, details about the atomic bonding mechanism of TFAAD to diamond are still not revealed. Two probable scenarios have been introduced . One is the formation of alkene anions which then react directly with hydrogen bonded to carbon at the diamond surface. The other is the formation of anions that abstract H atoms from the surface, thereby creating carbon surface dangling bonds that covalently bond to other alkene molecules in the liquid. Surface dangling bonds seem to be reactive towards alkenes as demonstrated by Cicero et al. (2002) . Further experiments are clearly required to gain better insight into this complex process.
DNA bonding and geometrical properties
To attach DNA, we applied the recipe introduced by Yang et al. (2002) and Hamers et al. (2005) , where the protected amine is first deprotected, leaving behind a primary amine. The primary amine is then reacted with the heterobifunctional cross-linker sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate and finally with thiol-modified DNA to produce the DNAmodified diamond surface. In our experiments, we used a 4 ml droplet which is placed on the diamond layer and covers a circular area of approximately 2 mm in diameter, thereby covering oxidized and H-terminated surface parts. To assess whether DNA-modified diamond surfaces have been generated, such surfaces have been exposed to complementary oligonucleotides that were labelled with fluorescence tags FAM6. Figure 16 shows the result of intense green fluorescence (equal to 100%) from originally H-terminated regions and less intense fluorescence (approximately equal to 70%) from oxidized surface areas, respectively. The weak fluorescence contrast between the two has two reasons. The first reason is that non-covalently bonded DNA is attached to oxidized diamond. This will be discussed in §3.3 using AFM experiments. The other reason is that transparent diamond gives rise to light trapping, so that the transparent diamond appears green in the case of fluorescence emission.
Atomic force microscopy (AFM) of DNA on single-crystalline diamond
DNA-functionalized and hybridized surfaces are characterized by AFM measurements in 2!SSPE/ 0.2% SDS buffer solution . By performing contact mode AFM (C-AFM) scratching experiments, DNA can be removed and at the interface between clean and DNA-covered diamond, the height of DNA has been measured. In addition, the force required to penetrate and remove DNA has been determined, giving insight into the mechanical stability of the bonding. Scratching experiments were performed with different tip loading forces between 10 and 60 nN as shown in figure 17a . For each force, an area of 2 mm!10 mm has been scratched (scan rate: 20 mm s
K1
). Forces around 45 nN (G12 nN) generate a 100% clean area, which appears darker in fluorescence microscopy FM images as shown in figure 17b .
C-AFM experiments on the boundary between initially oxidized and H-terminated diamond are shown in figure 18 . With C-AFM, we detect noncovalently bonded DNA on oxidized diamond. These molecules can be removed with forces around 5 nN. This is five times lower than for DNA bonded to the H-terminated surface. The layer is also significantly thinner as on the H-terminated diamond.
By measuring across the boundary between the DNA-functionalized and the cleaned surface, using oscillatory or tapping mode (O-AFM), the DNA layer thickness can be obtained as shown in figure 19 . O-AFM is preferable to C-AFM on soft layers as the tip-surface interaction can be minimized by monitoring the phase shift of the cantilever oscillations (Erts et al. 2003) . The phase shift was measured as a function of the set-point ratio, r sp ZA o /A sp , where A sp is the set-point amplitude and A o is the amplitude of free cantilever oscillation, on DNA-functionalized and cleaned diamond surface regions (see squares in figure 19a ). Figure 20 summarizes the results of phase contrast and set-point ratio measurements. The phase contrast between diamond and DNA is positive and approaches zero for set-point ratios approaching 1, i.e. for increasing tip-surface distance. For a phase contrast near 0, which corresponds to minimized tip-surface interaction, the DNA layer thickness reaches approximately 75-78 Å. Simple O-AFM measurements result in approximately 70 Å (figure 19), which is slightly smaller than the real DNA thickness. The height of 75-78 Å is, however, still significantly lower than the expected height of approximately 130 Å for upright standing DNA (105 Å) on linker (12 Å) and cross-linker molecules (6 Å) and fluorescence marker FAM6 (5 Å). We attribute this to a tilted arrangement of DNA molecules as shown in figure 21 . Using triangular geometry, the tilt angle is around 33-368, which is similar to results of DNA bonded to gold (Erts et al. 2003) .
A topographic surface profile of DNA double helix molecules bonded on diamond is shown in figure 22 . It reveals broad undulations due to the collective interaction of several DNA oligomers with the tip. The height is modulated periodically with an amplitude around G5 Å. No pinholes can be detected in the layer. Obviously, a closed DNA film has been synthesized on diamond using photochemical attachment. For sensor applications, dilute DNA films in the range of 10 12 -10 13 cm K2 are required (Poghossian et al. 2005) . To decrease the bonding density we reduce the time of marker DNA attachment. A saturated and very dense film is achieved after 12 h exposure. Following the arguments of Takahashi et al. (2003) , this will result in a DNA density of approximately 10 13 cm K2 . By decreasing the time of marker ss-DNA attachment, the density can be decreased to 10 12 cm K2 as shown in figure 23 . Here, we have evaluated the change in fluorescence intensity after hybridization, where the attachment of ss-DNA marker molecules has been varied between 10 min and 12 h. The attachment kinetics are well described empirically by an exponential function with a time constant, t, of approximately 2 h.
Electrochemical surface modifications of boron-doped single-crystalline diamond
In the following, we summarize the electrochemical modification of highly conductive p-type single-crystalline CVD diamond . The general chemical scheme is shown in figure 11a , where hydrogenterminated or oxidized diamond is modified with phenyl molecules (step (i) to (ii)). Figure 24 shows cyclic voltammograms of 4-nitrobenzene diazonium salts (1 mM) reactions on highly B-doped single-crystalline CVD diamond film in 0.1 M NBu 4 BF 4 acetonitrile solution (scan rate: 0.2 V s K1 ). An irreversible cathodic peak of the first sweep at K0.17 V (versus Ag/AgCl) indicates nitrophenyl group attachment by diazonium salt reduction . The reduction peak on single-crystalline diamond films decreases rapidly with increasing number of scans within C0.5 to K1.0 V (versus Ag/AgCl), owing to the increasing surface passivation with nitrophenyl molecules.
The electrochemical attachment works not only on the H-terminated diamond, but also on the oxidized diamond surfaces. The voltammetric peak is shifted from K0.17 V for H-termination to K0.41 V (versus Ag/AgCl) for oxidized diamond. This potential shift of DUZ240 mV arises by a change in heterojunction properties at the solid/liquid interface. H-terminated diamond has a negative electron affinity around K1.1 eV, while oxidized diamond shows positive affinities (Cui et al. 1998; Takeuchi et al. 2005) . Higher potentials are therefore required for oxidized than for H-terminated diamond to achieve electron transfer. Details of bonding to oxidized diamond are currently under investigation and have to take into account also carbon-oxygen and carbon-carbon bonding arrangements and bond-breaking mechanisms.
After electrochemical derivatization, the diamond substrates are sonicated in acetonitrile, acetone and isopropanol, in order to investigate the properties of Nitrophenyl groups grafted on single-crystalline diamond films show two reversible electron-transfer steps, which are reproducibly detected in all potential sweeps (figure 25). The generalized reversible redox reactions of this system are summarized in figure 26 . To estimate the surface coverage (G) of nitrophenyl groups on diamond, we use the transferred charge of the electron-transfer reaction at K1.17 V (see shaded area in figure 25 ). This results in 3.8!10 K7 C cm K2 or 8!10 13 molecules cm K2 , indicating the formation of a sub-monolayer on diamond (5% coverage; Shin et al. 2006) .
Detailed investigations of phenyl layer formation on other electrodes show that this simple interpretation is misleading (Allongue et al. 2003; Pinson & Podvorica 2005) . In most cases, multilayers are deposited. We have therefore applied additional experiments to characterize the growth and thickness of the phenyl layer on diamond. Generally, all performed contactand oscillatory-mode AFM experiments on deposited nitrophenyl layers reveal layer thicknesses in the range of 28-68 Å. Taking into account the length of nitrophenyl molecules of approximately 8 Å (figure 10), they indicate clearly multilayer formation by cyclic voltammetry deposition.
A better controlled growth of phenyl films on diamond can be achieved by electrochemical means, applying fixed potentials for a given period of time instead of potential cycles (Allongue et al. 2003) . In our case, we applied K0.2 V (versus Ag/AgCl) and measured the transient current during the deposition. The result is shown in figure 27 . In the case of unlimited electron transfer and diffusion-limited attachment, the dynamics follow the Cottrell law (i(t)zt K0.5 ) as introduced by Allongue et al. (2003) . At the very beginning of the transient current such a characteristic can be detected. However, for longer times, the current decays faster than predicted by this law. We assume that the growing phenyl layer limits an effective electron transfer, slowing down the bonding process. The density of electrons involved in this reaction saturates around 4!10 15 cm K2 . To verify the layer formation, contact mode AFM has been applied. With increasing force to the tip, the phenyl layer can be removed from diamond. A typical result is shown in figure 28 , where the nitrophenyl layer has been attached by one cyclic voltammetry scan (from C0.5 to K1.0 V versus Ag/AgCl at a scan rate of 200 mV s K1 ). Forces below 100 nN do not damage the phenyl film. Above 100 nN, a layer of 26 Å thickness is removed and forces above 120 nN give rise to the removal of a thin layer, 8 Å in thickness. We assume that a random-oriented phenyl layer is removed first, while forces above 120 nN are required to remove phenyl linker molecules bonded to the diamond.
AFM characterization on phenyl layers, which have been grown at a constant potential of K0.2 V for different times, indicates three-dimensional growth as shown in figure 29 (applied tip force: 200 nN; scan rate: 4 mm s K1 ). After short-time attachment (5 s), the thickness of the layer is already between 8 and 23 Å. The thickness variation decreases with increasing attachment time, saturating around 25 Å. Taking into account the saturated electron density of 4!10 15 cm
K2
and the final thickness of the phenyl layer of 25 Å, the phenyl molecule density in the layer is approximately 2!10 21 cm K3 . The orientation of phenyl molecules has been characterized by angle-resolved XPS experiments. The integrated peak intensities of O(1s) to C(1s) show a strong angle dependence for attachments at K0.2 V for times up to 40 s (figure 30). We attribute this to an oriented growth of nitrophenyl, with NO 2 molecules preferentially located on the growing top of the layer. This is different in case of much thicker layers (30-65 Å), attached by five cycles in the range of C0.5 to K1.0 V versus Ag/AgCl at a scan rate of 200 mV s K1 . Here, the XPS angle variation is weak and the molecules are arranged in a more disordered structure.
From these experiments we conclude that the formation of phenyl layers on diamond is governed by three-dimensional growth, with preferential alignment of NO 2 cap molecules on the top of the growing films, if films are not growing too thick. Growth saturates at a layer thickness of approximately 25 Å, using constant potential attachment (K0.2 V), while significantly thicker layers in the range of 35-65 Å are detected after cyclic attachment (C0.5 to K1 V). Properties of such thick layers are governed by a more random molecule orientation. Subsequently, nitrophenyl groups are electrochemically reduced to aminophenyl (-C 6 H 5 NH 2 ) in 0.1 M KCl solution of EtOH-H 2 O solvent (figure 31). The first voltammetry sweep gives rise to an irreversible reduction peak at K0.94 (versus SCE), which is not detected in the second and higher cyclic voltammetry cycles. Such modified surfaces are then used for chemical bonding to heterobifunctional cross-linker molecules, SSMCC and thiol-modified probe DNA oligonucleotides. Figure 32 shows a fluorescence image of ss-DNA (S1) marker molecules bonded to diamond after hybridization with its complementary ss-DNA target molecules (F1) labelled with Cy5. The image shows DNA bonding to initially H-terminated diamond and to oxidized diamond. The laid 'T'-shape pattern in figure 32 arises from surface oxidation. The fluorescence from this area is approximately 10% weaker than from hydrogen-terminated diamond. As the light intensity is proportional to the density of fluorescence centres, the density of DNA bonded to oxidized diamond is approximately 10% smaller than on H-terminated diamond. No fluorescence can be detected using a four-base mismatched ss-DNA target molecule for hybridization.
3.5. Atomic force characterization of DNA bonded electrochemically to boron-doped single-crystalline diamond
Geometrical properties as well as density and bonding strength of DNA bonded by electrochemical technique to boron-doped diamond has been characterized by AFM experiments as described in § §2.5 and 3.3. The height of DNA layers is detected to be around 90 Å. This is slightly higher than in the case of photoattachment and arises from the thicker linker molecule layer, which is approximately 25 and 12 Å for the phenyl and the amine linkers, respectively. Again, a tilted arrangement is deduced, comparable to results from photoattachment (approx. 358). The layer is dense with no pinholes. The removal forces are between 60 and 122 nN, the statistical average around 76 nN. It is interesting to note that on initially oxidized diamond, the forces are lower, namely in the range of 34 nN. A comparison of forces is shown in figure 33 . These results indicate strong bonding of DNA to diamond for both, the photo-and the electrochemical surface modifications. Removal forces are about two times higher than that detected on Au and mica as summarized in figure 34 Schwartz 2001; Zhou et al. 2002; Crampton et al. 2005) . This is promising with respect to diamond biosensor applications where exceptional chemical stability is required.
Electronic detection of DNA hybridization
Most of the DNA detection techniques are based on DNA hybridization events. In DNA hybridization, the target ss-DNA is identified by a probe ss-DNA that gives rise to hybridization. This reaction is known to be highly efficient and extremely specific. Commonly used DNA detection techniques (radiochemical, enzymatic and fluorescent) are based on the detection of various labels or reagents and have been proven to be time consuming, expensive and complex to implement. For fast, simple and inexpensive detection, direct methods are required. In the following, we want to introduce the recently achieved results with respect to field effect and voltammetric sensing, using single-crystalline CVD diamond as transducer.
3.6.1. DNA-FET. Diamond ISFET show sensitive variation of pH with approximately 55 mV/pH (Nebel et al. 2006c) . This is close to the Nernst limit of 60 mV/pH. The effect arises from transfer doping so that no gate-insulator layer is required. The separation of surface channel and electrolyte is therefore very small. The application of such a FET system for DNA hybridization detection is new and we show in the following some typical results, achieved on structures with 10 12 -10 13 cm K2 ss-DNA markers bonded to diamond. A schematic figure of the device with hybridized ds-DNA is shown in figure 35 . We used 1 M NaCl solution (containing 0.1 M phosphate with pH 7.2) with a Debye length of 3 Å as calculated by Poghossian et al. (2005) ,
where k is the Boltzmann constant, T is the absolute temperature, 3 o is the permittivity of vacuum, 3 el is the dielectric constant of the electrolyte, z is the valency of ions in the electrolyte, q is the elementary charge and I represents the ionic strength; for a 1-1 salt, it can be replaced by the electrolyte concentration n o . As the linker molecule is 12 Å (amine) and the cross-linker is 5 Å long, the DNA is not in touch with the Helmholtz layer in our experiments. Figure 36a shows a comparison of drain-source currents (I DS ) measured at a fixed drain-source potential of K0.5 V as a function of gate potential (i) for ss-DNA marker molecules attached on the gate, (ii) for hybridized marker and target DNA on the gate, and (iii) after the removal of DNA from the diamond. The initial ss-DNA density bonded to diamond is 4!10 12 cm K2 . The drain-source current increases by hybridization as detected also for a sensor, where the initial ss-DNA density is slightly smaller (10 12 cm K2 ) or larger (10 13 cm K2 ). The gate potential variations from ss-DNA to complementary ds-DNA bonding vary between 30 and100 mV as shown in figure 36b . There is a clear trend that with decreasing DNA density, the potential shift becomes larger (as predicted by Poghossian et al. 2005) . Taking into account the ion sensitivity of diamond ISFETs of 55 mV/pH, this reflects a decrease of pH of the buffer solution of approximately 1-1.4 by hybridization. Poghossian et al. (2005) have calculated that the average ion concentration within the intermolecular spaces after hybridization can be more than 3-4 times higher for cations than before hybridization. In the case of a Nernstian slope of the sensor, they predict a gate potential shift of 28-35 mV. Our results indicate a stronger change. The increase in drain-source current with hybridization can be well described by the transfer doping model as the increase in cation density will cause a decrease in pH. Therefore, the chemical potential will increase giving rise to the enhanced surface conductivity.
A summary of the published sensitivities of DNAFETs from silicon is shown in figure 37 ( (Kelley et al. 1999) . The detection principle is shown in figure 38 . In the case of ss-DNA bonded to diamond, the relatively small negatively charged redox molecules can diffuse through the layer of DNA and interact with the diamond electrode to cause a redox current. By hybridization of DNA, the intermolecular space shrinks, which leads to Coulomb repulsion between negatively charged Fe(CN 6 ) 3K/4K and negatively charged sugar-phosphate backbones of hybridized DNA. The redox reaction with diamond will therefore decrease (figure 38b).
The result is shown in figure 39 , where we used cyclic voltammetry on H-terminated metallically doped (p-type) single-crystalline diamond in 0.5 mM Fe (CN 6 ) 3K/4K , 100 mM KCl and 100 mM KNO 3 measured with respect to Ag/AgCl with a scan rate of 100 mV s K1 . The H-terminated diamond shows a wellpronounced oxidation peak at C280 mV and a corresponding reduction wave with a peak at C126 mV (not shown here). These characteristics are well known and have been published in the literature (Granger et al. 1999; Shin et al. 2005) . After electrochemical attachment of phenyl linker molecules and ss-DNA marker molecules, the redox amplitude is decreasing to approximately 30% of the clean diamond surface. The peaks are not significantly shifted in potential or broadened by chemical modifications of the electrode (figure 39). By hybridization, peaks are slightly shifted towards higher oxidation and lower reduction potentials. The change in amplitude is approximately 50 mA cm K2 . This change in voltammetric signal is reproducible and can be detected for several hybridization/denaturation cycles. This is the first report of voltammetric detection of DNA hybridization and denaturation on diamond using Fe(CN 6 ) 3K/4K as a mediator. It is clear that this technique needs to be characterized in depth to evaluate the sensitivity, durability and reproducibility of this sensor array. Yang et al. (2004) reported about cyclic voltammetry experiments using Fe(CN 6 ) 3K/4K on borondoped nanocrystalline diamond films coated with amines as linker and DNA. After ss-DNA marker attachment, their redox currents decreased drastically and they concluded that the application of cyclic voltammetry is inhibited by the highly insulating nature of the molecular amine layer linking DNA molecules to diamond. Our voltammetric experiments show that a detailed control of phenyl molecule deposition is required. Insulating properties with respect to Fe (CN 6 Review. Diamond and biology C. E. Nebel et al. 455 layer grows slowly and thick to form a dense scaffold on diamond. By short-time attachment, using constant potential attachment technique, dispersed layers are generated so that diffusion of Fe(CN 6 ) 3K/4K is not suppressed.
Alternatively, Yang et al. (2004) and Hamers et al. (2005) applied impedance spectroscopy, where they detected hybridization-induced variations at high frequency as shown in figure 40. A clear difference between single-stranded DNA bonded to diamond and double-stranded DNA is detected.
BONDING AND DETECTION OF ENZYMES AND PROTEINS ON DIAMOND
After establishment of surface functionalization techniques for diamond using photo-and electrochemical means, bonding of molecules like enzymes (Song et al. 2004 ) and proteins (Härtl et al. 2004 ) has been demonstrated relatively faster. As the use of carbonbased transducers for biosensing glassy carbon, highly oriented pyrolytic graphite and diamonds like carbonand boron-doped diamonds is well established in electrochemistry, increasing biosensing applications of such materials can be expected. While the past has been dominated to find chemical treatments to achieve surface modifications of diamond, the future will be dominated by optimization of multilayer structures for biosensing.
SUMMARY
In this review, we have summarized the recently achieved results with respect to photo-and electrochemical surface modifications of diamond. Both techniques have been optimized to a level, which allowed the realization of first generation electrochemical and field-effect DNA sensors. By AFM experiments, we detect a formidable bonding stability of biomolecular arrangements on diamond. It confirms earlier reports by Yang et al. (2002) about exceptional DNA-bonding stability in hybridization cycles. Applications of diamond biosensors in high-throughput systems, where especially high bonding stability is required, will therefore be of significant interest in the future. Our experiments also show that basic understanding of growth mechanisms and electronic and chemical properties of each layer of the composite biorecognition film (e.g. amine/cross-linker/ss-DNA) is required to achieve progress with respect to optimization of sensor performance.
Finally, the proper selection of 'diamond transducer materials' for biosensor applications is of comparable importance. Electronic detection of bonding events in electrolyte solutions requires high-quality diamond with minimized defect densities, no grain boundaries and no sp 2 , and with a defect-free surface termination. (a) ( b) Figure 38 . Schematic DNA hybridization detection mechanism using Fe(CN 6 ) 3K/4K as mediator redox molecules. In the case of ss-DNA, the negatively charged redox molecules Fe(CN 6 ) 3K/4K (blue balls) can diffuse through the DNA layer. After hybridization, the space between individual ds-DNA molecules becomes too small for negatively charged molecules to overcome the repulsive Coulomb forces from the negatively charged backbone of ds-DNA. . Impedance spectroscopic properties of DNAmodified nanodiamond films. The admittance (inverse impedance) is shown in the complex plane as detected for ss-DNA, for exposure to mismatched DNA and after exposure to complementary DNA (for details see Hamers et al. 2005) .
